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© A sequential color system is provided in which a 
processor (22) is coupled to a memory (24) and a 
receiver (27). images are generated by shining light 
from a light source (28) through a color wheel (30) 
and onto DMD array (26). Light from the DMD array 
(26) is shone on screen (32). By adjusting the speed 
and make-up of color wheel (30) color separation is 
greatly reduced or eliminated. Also disclosed are 
techniques for sequential imaging which may be 
applied to other technologies, such as CRT technol- 
ogies. 
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TECHNICAL FIELD OF THE INVENTION 

This invention relates generally to imaging sys- 
tems, and more particularly to a method and ap- 
paratus for sequential color imaging. 

BACKGROUND OF THE INVENTION 

In the field of imaging technology, a significant 
need exists to increase image quality while at the 
same tee maintaining low cost and low complexity. 
Unfortunately, these goals often conflict. For exam- 
ple, a particular class of imaging systems, known 
as sequential color systems, offer lower cost and 
complexity than other, imaging systems, but at the 
sacrifice of some image quality- 
Sequential color systems generate images by 
sequentially laying down red, green, and blue light 
in a single image frame, which typically lasts 1/60 
of a second. In non-sequential color systems, the 
red, green, and blue light are laid down simulta- 
neously. The non-sequential color systems, there- 
fore, employ about three times the hardware and 
complexity of sequential color systems. 

An excellent example of the distinction be- 
tween sequential and non-sequential color systems 
is provided by spatial light modulator ( n SLM n ) pro- 
jection systems. One type of SLM imaging sys- 
tems uses arrays of individual elements, such as 
deformable mirror devices ("DMDs"), to reflect 
light onto or away from a projection screen. In non- 
sequential color systems, three DMD arrays are 
used in parallel, one each for red, green, and blue 
jight. In contrast, a sequential color system SLM 
device requires only one such array, with the red, 
green, and blue light sequentially reflected by the 
single DMD array. The need for three such arrays 
in the non-sequential color system triples the re- 
quirements for the DMD arrays and attendant hard- 
ware over the sequential color system. 

As discussed above, however, sequential color 
systems have certain limitations. One such limita- 
tion is that of color separation. Color separation 
occurs in sequential color systems when an im- 
aged object moves across a projection screen, and 
the human eye follows it. FIGURES 1-3 illustrate 
the problem of color separation. 

FIGURE 1a illustrates a projection screen 10 
and an imaged object 12 that will move across the 
screen 10. In FIGURE lb, the various iocations of 
object 12 are shown at five different time periods. 
Each of these time periods corresponds to one 
image frame. For a sequential color system that 
lays down color in the order of red, green, and then 
blue, the object 12 will be generated by first laying 
down the red, then the green, and then the blue. 
Therefore, as the object moves, the leading edge 
of the object 12 (with respect to its movement) will 



appear red, while its trailing edge will appear blue. 
This phenomenon is known as color separation. 

FIGURES 2 and 3 illustrate how color separa- 
tion occurs. As shown in FIGURE 2, red is first laid 

5 down on the screen for about 1/3 of the imaging 
frame. After the red light is turned off, the green 
light is then turned on for about 1/3 of the color 
frame, and then the green is turned off and the 
blue is turned on for the remaining about 1/3 of the 

io color frame. As shown in FIGURE 2, the perceived 
intensity of the light dies away asymptotically after 
it is turned off. This asymptotic decrease illustrates 
the fact that the human eye has "memory" which 
allows it to continue to perceive light for a short 

75 period (a time constant) even after the light has 
disappeared. 

The problem of color separation occurs in se- 
quential color systems only when the human eye 
follows the moving object. As shown in FIGURE 3, 

20 if the human eye does not follow the moving ob- . 
ject, then each image frame of light from the mov* 
ing object will fall on different locations of the retina 
as the object moves. Thus, for each image frame, 
before red is perceived, the green and blue light 

25 will be laid down at one location, and the appro- 
priate color will be perceived. Light from the next 
image frame will then fall on another location of the 
retina, and the appropriate color will again be per- 
ceived. However, if the eye follows the object, the 

30 red light from the object will always fall on one 
place on the retina, the blue light will always fall on 
another place on the retina, and the green light will 
always fall on still another place on the retina. Each 
of these places will be offset, due to the temporal 

35 separation of each color subframe. Therefore, the 
leading edge of the moving object will always ap- 
pear red, while the trailing edge will always appear 
blue. This occurs because the eye moves before 
the blue and green are laid down at the leading 

40 edge, for example. The faster the object moves, 
the greater will this color separation be, sirj&e the 
distance the object moves from one image frame 
to the next will be greater. 

The color separation becomes more and more 

45 complex the faster that an object moves. As de- 
scribed above, the leading edge will appear red 
and the trailing edge will appear blue, for sequen- 
tial color systems that lay down red, then green, 
then blue. As the speed of the object increases, 

so however, not only will the leading edge appear red, 
but the area of the object just behind the leading 
edge will appear to be a combination of red and 
green. Likewise, the area just ahead of the trailing 
edge will appear to be a combination of blue and 

55 green. 

The problem of color separation is most nota- 
ble when the moving object and its background are 
in high contrast. For example, a white object mov- 
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ing against a black background or a black object 
moving against a white background. Examples of 
situations where the human eye might follow such 
moving objects include sporting events where the 
human eye may follow a player whose uniform is in 
high contrast with the background, dance presenta- 
tions where the human eye may follow the dancer, 
and other similar situations. 

SUMMARY OF THE INVENTION 

Therefore, a need has arisen for a sequential 
color system that reduces perceived color separa- 
tion, thereby providing for higher image quality. 

In accordance with the teachings of the present 
invention, a method and apparatus for sequential 
color imaging is provided which substantially elimi- 
nates or reduces disadvantages and problems with 
prior art imaging systems. 

In particular, a method of sequential imaging is 
disclosed in which at least two color subframes of 
a first color, at least two color subframes of a 
second color, and at least two color subframes of a 
- third color are generated during one image frame. 
By generating color subframes in this manner, col- 
or separation is greatly reduced. 

In another embodiment of the present inven- 
tion, at least two color subframes of a first color, at ' 
least one color subframe of a second color, and at 
least one color subframe of a third color are gen- 
erated during one image frame. With this embodi- 
ment, for example, two color subframes of the 
second color can be generated, one each before 
and after the color subframe of the third color, in 
still another embodiment of the present invention, a 
method of sequential imaging is provided in which 
a color subframe of a first color, a color subframe 
of a second color, and a color subframe of a third 
color are generated in one image frame. During the 
next image frame, the order that the color sub- 
frames are generated is reversed. 

A sequential imaging system is also provided 
in which a light source shines light through a color 
wheel. A spatial light modulator that includes a 
plurality of individual elements reflects the light 
from the color wheel onto a screen. A processor is 
provided which controls the light source, the color 
wheel, and the spatial light modulator such that at 
least two color subframes of a first color, at least 
one color subframe of a second color, and at least 
one color subframe of a third color are generated 
during one image frame. 

An important technical advantage of the 
present invention is that color separation is greatly 
reduced by increasing the number of color sub- 
frames in an image frame, thereby reducing the 
amount of time that a single color will be per- 
ceived. Another important technical advantage of 



the present invention is the fact that color blending 
techniques may be used to further reduce color 
separation in sequential imaging systems. 

5 BRIEF DESCRIPTION OF THE DRAWINGS 

For a more complete understanding of the 
present invention, and the advantages thereof, ref- 
erence is now made to the following descriptions 
70 taken in conjunction with the accompanying draw- 
ings in which like reference numbers indicate like 
features and wherein: 

FIGURES 1a and 1b illustrate a moving object 
on a projection screen; 
75 FIGURE 2 illustrates perceived intensities in a 

sequential color system; 

FIGURES 3a and 3b illustrate the interaction 
between the human eye and a moving object; 
FIGURE 4 illustrates a block diagram of a par- 
20 ticular imaging system according to the teach- 
ings of the present invention; 
FIGURES 5a-5d illustrate alternate embodiments 
of the present invention; 

FIGURE 6 illustrates color blending according to 
25 the teachings of the present invention; and 

FIGURES 7a and 7b illustrate a technique for 
packing bit patterns for a split reset system 
according to the teachings of the present inven- 
tion. 

30 

DETAILED DESCRIPTION OF THE INVENTION 

FIGURES 1a-3b have been described in con- 
nection with the background of the invention, and 

35 explain the problem of color separation in sequen- 
tial color systems. Sequential color systems in- 
clude a myriad of different technologies, including 
SLM technologies (a subset of which is DMD tech- 
nologies) and CRT technologies. Particular applica- 

40 tions for sequential color systems include conven- 
tional television (whkher in NTSC, PAL, SECAM, 
or other formats), wide scene conventional televi- 
sion, high definition television, industrial projectors, 
home use projectors, and cinema projectors, 

45 among other applications. 

FIGURE 4 illustrates a block diagram of a 
particular application of the present invention. As 
shown, sequential color imaging system 20 in- 
cludes a processor 22 that controls a DMD imaging 

so system. Processor 22 is coupled to memory 24 
and DMD array 26. Memory 24 may also be coup- 
led to DMD array 26 for direct memory input to 
DMD array 26. Processor 22 may also be coupled 
to receiver 27. Receiver 27 receives image inputs, 

55 such as analog or digital video images transmitted 
across a cable system or the air waves. Data from 
the receiver 27 is stored in memory 24. Memory 
24 may also receive input directly from the image 
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input, for example when the image input transmits 
in digital image data. Image input data received by 
receiver 27 can be processed by processor 22 to 
convert it to the appropriate format for operation 
with DMD array 26, a light source 28, and a color 
wheel 30. 

Processor 22 controls light source 28, color 
wheel 30, and DMD array 26 such that light from 
light source 28 is transmitted through color wheel 
30, reflected off DMD array 26, and onto a screen 
32. 

The imaging system 20 of FIGURE 4 may be 
either a rear projection or front projection system. 
Furthermore, as described above, the present in- 
vention works for a variety of technologies, and the 
particular shown in FIGURE 4 is exemplary only. 

FIGURES 5a-5d illustrate various embodiments 
of color wheel 30 constructed according to teach- 
ings of the present invention. Color wheel 30 turns 
so as to allow sequential color fields to be reflected 
from DMD array 26 onto screen 32. Color wheel 30 
is used to illustrate the present invention, it being 
understood that the techniques discussed in con- 
nection with color wheel 30 can be used to control 
other devices as well. For example, three light 
sources, a red light source, a green light source, 
and a blue light source can be used with a single 
DMD array to sequentially generate red, green and 
blue fields. Similarly, in a CRT system, electron 
beams that are used to generate red, then green, 
then blue can be sequenced according to the fol- 
lowing teachings. 

As shown in FIGURE 5a, color wheel 30 is 
provided with three color fields, red, green, and 
blue, each of which is approximately one-third of 
the useful area of the color wheel 30. For a single 
image frame, typically V60 of a second, conven- 
tional systems rotate color wheel 30 once per im- 
age frame, or at a rate of 3,600 revolutions per 
minute (RPM). In such systems, there are three 
color subframes, one each for red, green, and blue, 
and each image frame is begun (synchronized) at 
the conventional frame synchronization (SYNC) 
point shown in FIGURE 5a. 

In one embodiment of the present invention, 
the conventional frame SYNC is moved to the 
middle of the red subframe, as shown in FIGURE 
5a. With this improved frame SYNC, the color 
wheel is rotated at 3,600 RPM. Moving the frame 
SYNC to the middie of the red subframe results in 
a color sequence of one-half red subframe, one 
green subframe, one blue subframe, and one-half 
red subframe. The result is that the amount of time 
that the human eye perceives red at the leading 
edge of a moving object is reduced in half. Thus, 
the human eye will begin to mix the red and the 
green more quickly, thus providing for a leading 
edge that is closer to the desired color than in 



conventional systems. With this improved frame 
SYNC, the red subframe is split into two sub- 
frames, one coming before the green subframe, 
and the other coming after the blue subframe. 

5 Thus, the mirrors of DMD array 26 will have to be 
set one additional time, resulting from the fact that 
the red subframe will have to be set once at the 
beginning of the video frame, and then completed 
after the blue subframe. It should be understood 

70 that the frame SYNC could also be placed in the 
middle of the blue or green color subframes as 
well. 

FIGURE 5a also illustrates another embodiment 
of the present invention, in which the image frame 
75 is begun in the same place as a conventional video 
frame, except that the color wheel is rotated at a 
higher rate. This higher rate will reduce the amount 
of time that the leading edge will be one particular 
color, such as red in the example being discussed. 
20 For example, by rotating the color wheel at twice 
the conventional speed, or 7,200 RPM, a single 
image frame will include two red subframes, two 
green subframes. and two blue subframes. The 
order of the subframes will be red, green, blue, red, 
25 green, blue. To implement such a scheme, each of 
the color subframes of a conventional system are 
divided into two subframes, each lasting half as 
long as a conventional color subframe. Experi- 
ments have shown that the sequencing of the color 
30 subframes should be increased to about four times 
the conventional rate to eliminate the perception of 
color separation. However, the use of a lower rate, 
much as twice the conventional rate, improves the 
perception of color separation, but does not elimi- 
" 35 nate it completely. Complexity and costs are in- 
creased as the speed increases, and thus the par- 
ticular application will dictate how much speed 
. increase is appropriate. 

FIGURE 5b illustrates another embodiment of 
40 the present invention in which color wheel 30 is 
divided into six color sut^rames, having a se- 
quence of red, green, blue, red, green, and blue, 
each of which is approximately one-sixth the useful 
area of color wheel 30. This color wheel is rotated 
45 at the conventional rate of 3,600 RPM and SNYCH- 
ed as shown in FIGURE 5b. The embodiment of 
FIGURE 5b results in the same, ad vantages as the 
higher speed embodiment discussed in connection 
with FIGURE 5a, since the length of time of each 
so color subframe is half that of conventional systems. 
The embodiment of FIGURE 5b allows for use of 
conventional motors to drive the color wheel, since 
it rotates at the conventional speed of .3,600 RPM. 
However, some brightness reduction occurs with 
55 the embodiment of FIGURE 5b as compared to the 
embodiments of FIGURE 5a, due, to the increased 
light source blanking time (to allow transitions be- 
tween the color subframes). 
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The particular color wheel shown in FIGURE 5b 
may also be rotated at a rate higher than 3,600 
RPM, resulting in color subframes of even shorter 
lengths of time. Increasing the speed at which the 
color subframes are presented significantly re- 
duces or eliminates color separation. 

FIGURE 5c illustrates another embodiment of 
the present invention, in which color wheel 30 is 
divided as follows: approximately one-third of the 
color wheel is red, approximately one-third of the 
color wheel is blue, and approximately one-third of 
the color wheel is green. However, the green is 
divided into two separated sections each of about 
one-sixth of the useful area of the color wheels, 
each angularly disposed between the red and the 
blue portions of the color wheel 30. The frame 
SNYC is provided at the middle of the red portion 
of the color wheel. Thus, for one image frame, the 
sequence will be 1/2 red subframe, 1/2 green sub- 
frame, one blue subframe, 1/2 green subframe, and 
1/2 red subframe. This embodiment is similar to 
the first embodiment discussed in connection with 
FIGURE 5a. with the difference that the green 
subframe is split into two subframes surrounding 
the blue subframe. This is particularly effective 
because of the fact that red, green, and blue light 
carry different perceptual weightings. In general, 
the human eye perceives green light better than it 
perceives red light, and blue light is perceived 
worst. Tests have shown that green light is per- 
ceived about five times better than blue light, and 
green light is perceived almost twice as well as red 
light. Thus, with the embodiment of FIGURE 5c t 
better color mixing is achieved by splitting the 
green light into two color subframes. 

Another embodiment shown in FIGURE 5c al- 
lows for an alternative frame SYNC in the middle of 
the blue color subframe. SYNCing each video 
frame in the middle of the blue color subframe, 
rather than in the middle of the red color subframe, 
provides that blue light will be at the leading edge 
and trailing edge of a moving object. As discussed 
above, blue is perceived least by the human eye, 
and thus this embodiment will result in greater 
reduction in perceived color separation. 

For both the embodiments discussed in con- 
nection with FIGURE 5c, the speed of the color 
wheel may also be increased, resulting in greater 
reductions in color separation, but adding complex- 
ity, as discussed above. 

FIGURE 5d illustrates another embodiment of 
the present invention in which the color wheel is 
configured similarly to the color wheel in FIGURE 
5c. However, the color is rotated at a speed to 
allow for two video frames to be written in one 
color wheel revolution. For example, for conven- 
tional image frames of 1/60 of a second, the color 
wheel 30 of FIGURE 5d would be rotated at 1 ,800 



RPM. Thus, two frame SYNCs are needed in one 
revolution. By placing the frame SYNCs, as shown 
in FIGURE 5d, in the middle of the red and in the 
middle of the blue color subframes, perceived color 
5 separation is greatly reduced. With the color wheel 
30 of FIGURE 5d, the sequence of one image 
frame is red, green, blue, as in conventional sys- 
tems. However, the next image frame sequence is 
blue, green, red. This alternating sequence for 
70 each image frame results in the leading edge of 
the moving object flickering from red to blue and 
blue to red at a rate of half the image frame 
frequency, for example, a flicker of 30 Hz for an 
image frame frequency of 60 Hz. The trailing edge 
75 of the moving object will have the same flicker. 
This flicker may be perceived as a flicker or as a 
combination of red and blue, for example, magenta. 
The result is a perception that the leading edge 
and trailing edge of the moving object are closer to 
20 the true color than in conventional systems. Fur- 
thermore, as the moving object changes direction, 
the leading and trailing edges will not "switch" 
colors, as occurs with conventional systems. 

As discussed previously, the examples of the 
25 color wheels shown in FIGURES 5a-5d are for 
purposes of teaching the present invention, and are 
illustrative of techniques for sequencing color 
frames. These sequencing techniques can apply to 
other technologies as well, such as to CRT technol- 
30 ogies. Furthermore, the above examples disclose 
frame SYNCs at particular locations. For example, 
in the embodiment of FIGURE 5b, the frame SYNC 
is shown as occurring between the blue and red 
color subframes. The frame SYNC could be 
35 moved, for example, between the green and blue 
color subframes, without departing from the in- 
tended scope of the present invention. 

FIGURE 6 illustrates another aspect of the 
present invention that may be used to augment the 
40 techniques discussed above. In some DMD based 
/ imaging systems, the intensity of any color is cre- 
ated by the pulse width modulation of the mirrors 
of the array. For example, to generate a mid level 
green, a mirror may be on for half of a color 
45 subframe, with the total on time being the result of 
several on-off sequences of different lengths. The 
on-off times are controlled by bits stored in mem- 
ory. By distributing the on time of the most signifi- 
cant color intensity bits across each of the color 
gg segments, additional blending of color and con- 
sequent reduction in perceived color separation 
can be achieved. Processor 22 controls the pulse 
width modulation of the DMD array. FIGURE 6 
illustrates a particular example of this technique. 
55 As shown, an image frame is divided into six 

color subframes, two for blue, two for green and 
two for red. The particular sequence of blue, green, 
red, red, green, blue corresponds to the second 
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embodiment shown in FIGURE 5c, it being under- 
stood, however, that the technique illustrated ap- 
plies to any of the techniques discussed in connec- 
tion with FIGURE 5. 

As can be seen in FIGURE 6, the most signifi- 
cant bits for the pulse width modulation of each of 
the blue, green, and red subframes are on (if at all) 
as close to the other colors as possible. For exam- 
ple, the most significant bits for the green color 
subframes are on as close as possible in time to 
the transitions from blue to green and green to red. 
Likewise, the most significant bits for the blue 
subframes are on as close as possible in time to 
the transitions from green to blue and blue to 
green. The same is true for the red most significant 
bits as well. Furthermore, bits other than the most 
significant bits may also be turned on as close as 
possible to color transitions to increase color blend- 
ing. 

FIGURES 7a and 7b illustrate a technique by 
which bit patterns can be packed for a split reset 
DMD projector system that includes the techniques 
discussed above. U.S. Patent Application No. 
08/002,627, entitled "Pixel Control Circuitry for 
Spatial Light Modulator." TI-17333, filed on January 
8. 1993. and assigned to TEXAS INSTRUMENTS 
INCORPORATED discloses a split reset DMD im- 
age system and is herein incorporated by refer- 
ence. Generally speaking, split reset DMD systems 
divide a DMD array into a number of reset groups. 
For example, an array may be divided into sixteen 
reset groups of 25,000 mirrors each. A single 
memory cell controls one mirror in each reset 
group, and thus the mirrors of no two reset groups 
can be changed at once. When using pulse width 
modulation to generate color intensity/all the bits 
of one reset group from one bit location are loaded 
into memory, and that reset group is then changed 
according to the loaded bits. For example, with 8- 
bit pulse width modulation, all of the eighth-location 
bits for a reset group are loaded at once. Next, the 
memory is 'loaded with pulse width modulation bits 
for another reset group, and that reset group is 
changed according to that load of the memory, and 
this cycle continues such that all pulse width mod- 
ulation bits of each reset group are loaded and 
executed within a single image frame. The bit 
packing is performed by processor 22 and memory 
24 of FIGURE 4. It should be understood that 
memory 24 may be separate from or integral with 
DMD array 26. 

A graphic representation of the loading of split 
reset groups is shown in FIGURE 7a. As shown by 
the parallelogram of FIGURE 7a, the first reset 
group is loaded with a particular bit at point 40. 
The last reset group is first loaded with a particular 
bit at point 42. As time goes on, all of the pulse 
width modulation bits for each reset group are 



loaded at different times (as no two reset groups 
can be changed at once). The first reset group 
completes all bits of its pulse width modulation at 
point 44, while the last reset group completes all 
5 bits of its pulse width modulation at point 46. 

With the present invention, for example the 
embodiments shown in FIGURES 5a, 5b, and 5c, 
wherein there are two or more color subframes for 
each color during each image cycle, bit packing for 
w a split reset DMD will be performed as shown in 
FIGURE 7b. FIGURE 7b particularly illustrates the 
increased speed embodiment of FIGURE 5a 
wherein the sequence may be red, green, blue, 
red, green, blue. In the first red color subframe, the 
75 first reset group is loaded at point 40, just as in 
FIGURE 7a. Similarly, the last reset group is first 
loaded at point 42, just as in FIGURE 7a Particular 
bits are then loaded in each of the split reset 
groups until point 48, at which time the green 
20 subframe is to begin. The space between the point 
48 and the beginning of the green subframe is the 
blanking time required for transitions between col- 
ors on the color wheel. 

The end of the red color subframe of FIGURE 
25 7b is vertical, and not slanted as in FIGURE 7a, 
since all mirrors of all split reset groups can be 
reset to the same position at once. During the 
second red color subframe, the split reset groups 
will be loaded so as to finish the pulse width 
30 modulation not yet completed at the end of the first 
red color subframe. This is accomplished by load- 
ing the split reset groups for the second red color 
subframe in the reverse order than this half of the 
red subframe would have been completed in FIG- 
35 URE 7a. Thus, the first reset group is loaded at 
point 44, and the last reset group is loaded at point 
46, until all of the pulse width modulation bits have 
been loaded and executed at point 48. This tech- 
nique is used for the green and blue color sub- 
40 frames as well, as shown in FIGURE 7b. 

Thug, when? there are two color subframes for 
each color in a single image frame, all of the pulse 
width modulation bits for a split reset DMD imaging 
system can be packed without any efficiency loss 
45 due to the bit packing sequence. The only effi- 
ciency losses, if any at all, come from the fact that 
the additional color subframes require more blan- 
king time as the light is changed from one color to 
the next, resulting in somewhat reduced brightness. 
so When more than two color subframes for each 

color are used, for example with a color wheel 
turning at four times the conventional speed, there 
will be more split reset start periods than in a 
conventional split reset system, thus requiring ei- 
55 ther faster loading of each split reset group to 
perform all pulse width modulation bits in the ap- 
propriate video frame time, or the loss of efficiency 
if not all of the pulse width modulation bits are 
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